ABStrACt: Early weaning of calves to a high concentrate diet results in greater fat deposition and suggests early postnatal metabolic imprinting events may be exploited as a management tool to improve cattle value. Our objective was to implement a short, high energy dietary intervention before a typical grazing period to manipulate intramuscular fat deposition in finishing cattle. Fall-born, Angus-sired steer calves (n = 24) were stratified by sire and randomly assigned to normal weaned (NW) or metabolic-imprinted (MIP) treatments. At 105 ± 6d (135kg), MIP calves were transitioned to a diet containing 20% CP and 1.26 Mcal/kg NEg. Metabolic-imprinted calves were fed ad libitum as a group. Normal weaned calves remained on their dam until 253 ± 6 d of age. At this time, treatment groups were combined and grazed for 156 d on a mixed summer pasture. Following the grazing phase, steers were adapted to a corn silage-based feedlot diet and performance was monitored on 28-d intervals. Calves were staged for harvest based on backfat endpoint (target 1.0 to 1.2 cm). Metabolic-imprinted calves were heavier (P < 0.05) than NW calves (341 vs. 265 ± 4.2 kg) at normal weaning age. During the grazing phase, NW steers gained more weight than (P < 0.05) MIP steers (0.69 vs. 0.35 ± 0.03 kg/d). Feedlot performance and USDA yield grade were similar (P > 0.20) between treatments. However, MIP steers produced heavier (P < 0.05) carcasses (564 vs. 524 ± 5.6 kg) with higher (P < 0.001) marbling scores (645 vs. 517 ± 23). Therefore, calves consuming a high concentrate diet for 148 d after early weaning produced higher quality carcasses. This suggests early weaning and feeding a high concentrate before grazing is a viable strategy to increase marbling deposition compared with a traditional production system.
IntroDuCtIon
Early weaning of calves at <200 d of age is known to improve cow production efficiency, particularly for first and second parity cows (Arthington and Kalmbacher, 2003; Arthington and Minton, 2004; Houghton et al., 1990; Odhiambo et al., 2009 ). This management strategy also allows producers to adapt to seasonal variation in forage availability. However, the most ideal way to manage calves under this scenario is uncertain. Generally, studies of early weaning place calves on a high concentrate diet for the duration of the postweaning feeding period (Arnett et al., 2009; Meyer et al., 2005; Wertz et al., 2002) . Although early-weaned steers are slaughtered at a younger age, feed costs are greater due to increased days consuming high concentrate feed (Fluharty et al., 2000; Schoonmaker et al., 2001 ). As distance from major corn-producing states of the Midwestern United States increases, the utility of feeding a high concentrate diet is diminished due to high cereal grain costs. Therefore, if forage is abundant relative to cereal grains, it may be beneficial to incorporate a management strategy that uses available forage and minimizes concentrate consumption, to maintain or maximize growth efficiency and carcass quality.
An alternate strategy is to early wean and feed a high concentrate diet for a short period before turning calves out on pasture when forage availability is high. A similar strategy has been leveraged with some success with Japanese Black (Wagyu) cattle (Gotoh, 2010; Sithyphone et al., 2011) . More specifically, calves were weaned at 2 to 4 mo of age, fed a high concentrate diet until 10 mo of age, and finished on grass or hay up to 30 mo of age. This strategy contributed to increased intramuscular fat. Therefore, we hypothesize that early weaning and high concentrate feeding for 148 d before a grazing and feedlot period can reduce days in the feedlot or improve carcass quality, compared with normal weaned calves.
MAtErIALS AnD MEtHoDS

Metabolic Imprinting
All procedures were approved by the Virginia Tech Institutional Animal Care and Use Committee. High (top quartile) yearling EPD Angus sires (n = 3) were used to generate all offspring. Twenty-four male, fallborn calves were blocked by sire, stratified by weight, and randomly assigned to either a metabolic imprinting (MIP) or a normal weaning (NW) management strategy. At 105 ± 6 d of age, MIP animals were weaned and fed a high concentrate diet (Table 1) for 148 d divided into 5 phases. Phase diets were formulated to achieve 0.63 kg/d ADG based on the average weight of the treatment during each phase. Each phase represented ~23 kg of weight gain. The NW calves stayed with their dams to graze on mixed, cool-season grass pastures, composed primarily of tall fescue (Lolium arundinaceum), until weaning at 253 ± 6 d of age. Subsequently, MIP and NW groups were combined and grazed on pastures containing the same forage type as preweaning. Calves were moved between pastures to ensure a forage availability of 1,685 to 2,250 kg/ha. No additional supplement was made available during the grazing period. At ~407 ± 6 d of age, NW and MIP animals were moved to a feedlot equipped with Calan gates (American Calan, Northwood, NH) and offered a corn silage-based ration ad libitum that transitioned from 25% grain concentrate to a final 75% concentrate (DM basis) by 35 d (Table 1) . Diets for all treatments and growth phases within each treatment were formulated to meet or exceed nutrient requirements (NRC, 1996) . Throughout the study, animals were weighed on monthly intervals in the morning and before feeding. Final BW was determined after a 24-h fast. Individual feedlot performance measures were ADFI, ADG, and net feed efficiency (G:F).
Carcass Data
After 75d on feed, ultrasound backfat depth (1.0 to 1.2 cm) was used to target a compositional endpoint to stage groups for harvest. Cattle were harvested at the Virginia Tech Meat Center. The HCW were recorded and carcasses chilled at 4°C for 24 h. Carcasses were ribbed at the 12th rib and ribeye area, and 12th rib fat thickness, marbling score, and carcass maturity were evaluated and used to determine USDA yield and quality grades. A 1-cm-thick steak was taken immediately posterior to the 12th rib and stored at -20°C until proximate composition analysis.
Proximate Composition
Percentage of LM lipid and moisture were determined using the procedures of Novakofski et al. (1989) , with modifications. Briefly, frozen muscle samples were powdered, enclosed in filter paper envelopes, and freeze dried. Lipid was extracted from dried samples using chloroform methanol (87:13) in a Soxhlet apparatus. Percentage moisture and lipid were determined by weight loss after drying and extraction, respectively.
Statistical Analysis
Statistics were analyzed using the MIXED procedures of SAS Inst. Inc. (Cary, NC). Animal served as the experimental unit. Growth performance parameters 1 Diets phase fed only to imprinting calves from weaning at 105 ± 6 d of age to 253 ± 6 d of age. The imprinting period was divided into 5 phases, with diets in each phase formulated to achieve an ADG of 0.63 kg/d and based on the average BW of calves at the start of the phase.
2 Finishing ration transitioned from 25% concentrate to 75% concentrate in corn silage over 28 d. Nutrient composition is for the final finishing ration of 75% concentrate with 25% corn silage.
were analyzed as repeated measures with the arh(1) covariance structure to account for heterogeneous variance. The statistical model included the fixed effect of management strategy (NW or MIP) and the random effect of sire. Least squares means were generated and separated by a pairwise t test using the PDIFF statement. Effects are considered significant at P < 0.05. Chi-square analysis using the FREQ procedure of SAS was used to test the effect of treatment on USDA quality grade.
rESuLtS AnD DISCuSSIon
In this study, we compared calves that were early weaned and fed a high concentrate diet for 148 d with a conventional weaning system in Virginia to assess the utility of this alternate system. While we cannot separate the effects of early weaning from high concentrate feeding, together, this strategy would be a potential option for producers when forage availability is low. Early-weaned and concentrate-fed calves exhibited increased (P < 0.05) ADG during the imprinting period (105 to 253 d of age) compared with NW counterparts (Table 2) . At entry to grazing phase, MIP steers were 75 ± 9 kg heavier (P < 0.05) than NW steers. The MIP calves initially lost weight (28.7 ± 3.3 kg; P < 0.05) over the first 20 d of transition from a concentrate-to forage-based diet. Likely, MIP calves did not adapt as readily to a more extreme change in diet than NW calves, perhaps in part due to necessary changes in ruminal flora (Brown et al., 2006; Chen et al., 2011) . Potentially, this could be alleviated by stepping down the level of concentrate during a transition period back to a forage-based diet. For the duration of the grazing phase, NW steers had increased (P < 0.05) ADG compared with MIP steers, which, in part, can be attributed to the initial weight loss. Nonetheless, MIP calves remained heavier (P = 0.027) on entry into the feedlot.
Once calves entered the feedlot period, there were no differences (P > 0.75) in ADG, ADFI, or G:F. However, MIP calves finished an average of 44 kg heavier (P = 0.029) than NW calves (Fig. 1) , with a corresponding increase (P = 0.0020) in HCW (Table 3) . A portion of the weight difference at harvest (~14 kg) of MIP calves is due to an additional 9 d on feed (P < 0.037); the remainder is attributed to increased weight entering the feedlot (22 kg). Since we could only harvest in groups ≤6 and in 1-wk intervals, calves were staged by ultrasound backfat, independent of treatment. Increased HCW at similar backfat thickness for MIP calves suggests they did not deposit subcutaneous fat as readily as NW calves relative to changes in body weight. This slight change resulted in a shift of MIP cattle to later slaughter groups and increased days on feed. Prior work has shown that early-weaned calves have increased HCW at equal backfat thickness (Myers et al., 1999) or slightly reduced backfat at equal final BW (Fluharty et al., 2000) .
Despite greater HCW of MIP calves, there were no differences (P > 0.38) in 12th rib backfat, carcass adjusted rib eye area, or KPH. Thus, calculated USDA yield grades were similar between treatments (Table 3) . However, marbling score was increased (P = 0.001) in 1 At 253 ± 6 d age, normal weaned (NW) calves were weaned and all calves were mixed and transitioned to pasture. Metabolically imprinted (MIP) calves were weaned at 105 ± 6 d and fed a high concentrate diet over 5 phases. Diets were formulated to achieve 0.63 kg/d ADG and based on the average weight of the treatment during the phase.
2 One calf was removed from the study due to poor performance.
3 Calves were rotationally grazed on mixed, cool-season pastures from 253 ± 6 to 406 ± 6 d of age.
4 Feedlot entry at 406 ± 6 d of age. Figure 1 . Change in BW of normal weaned (NW; n = 11) and metabolically imprinted (MIP; n = 12) calves. Metabolically imprinted calves were weaned at 105 ± 6 d of age and fed a high concentrate diet. At 253 ± 6 d of age, NW calves were weaned; all calves were combined and fed on pasture (Graze) until 406 ± 6 d of age when calves entered the feedlot. Data reported as least squares means ± SEM. Asterisks indicate means within age are different (P < 0.05).
MIP carcasses. The distribution of quality grades was different (P = 0.034) between treatments. In fact, 5 of the 12 MIP calves, compared with zero NW calves, had marbling scores sufficient for USDA Prime. There were no differences (P = 0.17) in proximate lipid or moisture composition, although the numerical 1 percentage increase in proximate lipid composition is consistent with a 1 degree increase in marbling score (Brackebusch et al., 1991) . While increased days on feed would be expected to increase marbling score, it likely explains only a small percentage (<8%) of the difference between treatments based on a previously reported relationship between days on feed and marbling score (May et al., 1992) . Thus, had calves been harvested at similar days on feed, MIP calves would likely still have improved marbling score, perhaps coupled with a slightly reduced 12th rib backfat. Early weaning followed by continuous grain feeding increases marbling score (Myers et al., 1999; Wertz et al., 2002) . However, data reported herein are unique in that marbling score was increased by a short postweaning, imprinting period before being turned out on pasture. Certainly, more time on a high concentrate diet is known to increase marbling (reviewed by Smith et al., 2009) ; however, feedlot time is usually not interrupted by a forage phase.
Four possibilities could explain this increase in marbling score. First, increased proliferation of preadipocytes during imprinting established a larger population of preadipocytes (Gorocica-Buenfil et al., 2007) that were maintained during the forage phase and readily matured during the feedlot phase. Second, imprinting caused an increased population of mesenchymal stem cells to commit to an adipogenic fate (Tang and Lane, 2012; Uezumi et al., 2010) . Third, calves may have been metabolically programmed to respond more aggressively to hormonal signals or be more efficient at extracting precursors and converting to fat (Long et al., 2012; Volpato et al., 2012) . Finally, deposition of intramuscular fat may simply be a function of total energy an animal consumes, independent of stage of growth. High concentrate, starch-based diets contribute to elevated ruminal propionate and serum insulin concentrations (Schoonmaker et al., 2004) . Of the VFA absorbed for energy, propionate is the primary gluconeogenic precursor. Unlike subcutaneous fat, incorporation of glucose into fatty acids in intramuscular fat is sensitive to insulin (Gilbert et al., 2003; Rhoades et al., 2007) . Thus, it is possible an increase in gluconeogenic substrates from rumen fermentation and increased insulin concentration in response to circulating glucose allowed for greater cellular uptake and utilization of glucose for marbling deposition during the growing phase.
Conclusions
Early weaning and high concentrate feeding for 148d followed by grazing and feedlot entry did not improve feedlot performance. However, this management scheme improved marbling score and increased HCW, compared with conventionally weaned and backgrounded calves.
Metabolic imprinting of cattle is a viable management strategy that can contribute to increased marbling scores and carcass weights in cattle. One of the more useful applications of early weaning is to provide flexibility to producers in the mid to southern United States for fall-born calves, with an added benefit of high quality beef carcasses. In this management scenario, fallborn calves could be weaned between 90 and 100 d of age. At this time, cows are entering a period of reduced milk production and resources to support lactation are decreased. Calves could be feedlot fed during this time of reduced pasture-based forage. A session of winter feeding would coincide closely with the advent of spring pastures, leading to modest growth rates, albeit inexpensive gains. This would be followed by a potentially abbreviated, yet aggressive, finishing phase. Further research is necessary to clarify mechanisms that contribute to increased intramuscular fat deposition. Determining the optimal imprinting period length necessary to achieve a desirable increase in marbling score while reducing days on feed in the final feedlot stage would improve the cost effectiveness of this feeding strategy. 
